We developed a method for fabricating a three-dimensional spiral micro-inductor with high inductance using the LIGA process. The spiral inductor created had a diameter of 0.5 mm, and a length of 1 mm. The width of the spiral line was 10 µm, the pitch was 20 µm, and the number of turns was 15. It was made of plated copper. The master was a brass round bar coated with PMMA resist. Deep X-ray lithography was employed to fabricate a master for a metallic mold at the NewSUBARU synchrotron radiation facility, University of Hyogo. The inductor core was made of resin by injection molding. It has a spiral micro flute on the surface. We chose the worm injection molding technique in order to avoid the parting line across the spiral line. The worm injection molding was the method -for demolding the work such as that used in loosening a screw.
Fabrication of Spiral Micro-Coil Utilizing LIGA Process

Introduction
There are three conventional technologies for fabricating micro-chip inductors as electronic components: wire winding, photolithography, and lamination. The wire-wound inductor has a three-dimensional form and it is suitable for high inductance and high quality factor, Q value. However, it is difficult to attain high accuracy in wire-wound technology.
The LIGA (1) process unifies three technologies. These are X-ray lithography, electroforming to produce a metallic mold, and micro replication. The LIGA process was developed at the Forschungszentrum Karlsruhe in Germany in the 1980s. Synchrotron radiation has a short enough X-ray wave length to make a micro-structure with lithography. It is shown in Fig. 1 . This technology has been utilized for 2.5-dimensional applications on flat sub-strate. Synchrotron radiation also has strong directivity and has a capability to produce a micro flute for the inductor line on a curved surface despite the relatively large gap between the mask and the resist. Therefore, we utilized the LIGA process to fabricate a three-dimensional micro-inductor core. To utilize the LIGA process in order to fabricate the micro inductor, it was also necessary to have a proper replication method, and a micro-wiring technique. The replication method used was the worm injection molding and the micro-wiring technique employed was the high throwing power copper plating. 
Design of Inductor
1 Structural design
The size of the inductor studied in this research project, was 1 mm in length, and 0.5 mm in width. It is 0402, one of the standard sizes for Surface Mount Technology (SMT) electronic passive components. Another purpose of this study was to apply this new technology for a mass production system.
When injection molding was used to produce the inductor core, we had to prevent the parting lines from appearing across the tooth trace. Parting lines appear at the joint line of the sliding core and create a barrier across the inductor line (Fig. 2) . Therefore, in order to eliminate parting line, we chose a cylindrical shape which is produced from single piece core.
2 Electric characteristic design
The inductance is calculated using the following equation.
where L is the inductance, N is the number of turns, S is the cross-section area of inductor core, l is the length of the wire-wound inductor area, µ is the permeability, and K is the constant known as Nagaoka coefficient (2) . We set the target value of inductance over 120 nH. At present, the highest inductance of wire-wound micro-coil for high frequency practical use is around 120 nH for this size. When we form electrodes on the both ends of an inductor such as a conventional chip electric component, the length of each electrode must be about 0.2 mm. Therefore, the effective length of the coil will be 0.6 mm. We aimed to produce an inductor with a spiral structure of a line width of 10 µm, and a line pitch of 20 µm. The maximum inductance will be 270 nH with the number of turns set at 30. The target aspect ratio was 1. Above target value could be achieved by the LIGA process.
3 Process outline
The production process was separated into three steps. These were the X-ray lithography, the molding process, and the fabrication process of the inductor.
The X-ray lithography process consisted of the prepa- ration for a master material, X-ray exposure and developing. The molding process consisted of electroforming and worm injection molding. The fabrication of inductors consisted of metallization, the etching process and termination. The process flow is shown in Fig. 3 .
Fabrication Method
1 Preparation of master material
The material of the core master was a round brass bar coated with 10 µm uniform thickness of polymethylmethacrylate (PMMA). The diameter of the round brass bar was 0.46 mm, the same as the base diameter of the inductor core. It is shown in Fig. 4 .
The round-bar was made of brass which can be etched easily after electroforming. It was covered with 30 nm thick electro-less plated gold to improve the adhesion between the round-bar and the PMMA.
PMMA resist was applied 10 to 12 times for sufficient thickness. Each layer was -cured at 443 K to eliminate cracking during the drying process after developing. A round metallic bar was used in order to keep the base diameter of the core master the same during all the processes of exposure and developing. Another reason for using a metal bar was to prevent the fillet surface from roughening which would cause friction during the demolding process. 3. 2 X-ray exposure and developing X-ray exposure was carried out using the beam line BL11 (3) for X-ray lithography research of the NewSUBARU (4) synchrotron radiation facility of the Laboratory of Advanced Science and Technology for Industry, University of Hyogo. Each side of the master round-bar was exposed to X-ray through an X-ray mask with straight stripes. The width of the stripe line and the space between the lines was 10 µm. The stripes of the X-ray mask were at an angle of 2.4 degrees from the perpendicular axis, in order to connect the shadow lines of PMMA on each side of the round-bar. After the 1st X-ray exposure, the X-ray mask was moved for a distance of 10 µm for the 2nd exposure (Fig. 5) .
Connected shadow lines formed a spiral insulation line on the surface of the inductor core.
Then, the core master was dipped in GG developer (Diethylenglykolmonobutylether: 60 vol.%, Morpholin: 20 vol.%, Ethanolamin: 5 vol.%, Distilled water: 15 vol.%) to dissolve the exposed spiral line. After developing, connected PMMA lines remained as a spiral line (5) . Figure 6 shows the SEM image of the core master.
These experimental conditions are summarized in Table 1 . 
3 Electroforming for fabrication of a metallic a mold
Electroforming the core master for the metallic mold was done using nickel sulfamate electro plating with the lubricating agent at the current density of 0.01 A/dm 2 . The bath temperature was kept at 323 -328 K. After that, the core master was trimmed to fit into the mold base of the worm injection machine. At that point, it was dipped into chromic acid solution for 20 hours at 363 K to remove core. Figure 7 shows the outline and cross-sectional SEM image of the mold cavity.
4 Worm injection molding
The inductor core was made of liquid crystalline polymer (LCP) by injection molding. LCP was chosen for its durability against heat.
The advantages of worm injection molding are faster injection speed and higher temperature. These advantages are necessary to reproduce minute structure of the inductor core. These experimental conditions are summarized in Table 2 . The photograph in Fig. 8 shows the inductor core made from worm injection.
In order to utilize the demolding process, it was nec- Fig. 9 . A specialized machine to fabricate micro worm structure was developed by JUKEN Machine Works Co., Ltd. shown in Fig. 10 .
5 Fabrication of inductor
First, the core was roughened using KOH at 50 wt.% at 343 K for 30 minutes, in order to improve adhesion. Next, a copper thin film was sputtered onto the LCP inductor core as a seed layer for electroplating in order to help its adhesion. Then, 10 µm thick copper layer was electro plated onto the surface of the seed layer using the high "throwing power". The high "throwing power" using lubricating agent has an unstriate effect. It reduces the electric field concentration at the edge of convex lines, and interferes with the higher plating rate at edge of convex lines. Therefore, the thickness of the copper layer at the Table 3 Metallization conditions of inductor   Table 4 Characteristic of inductor The spiral copper line on the resin inductor core was kept after etching as the inductor line. After that, electrodes were put on the both ends of the inductor as terminals. These fabrication conditions are summarized in Table 3 .
Characteristics of the Inductor
We were able to produce a spiral inductor with a diameter of 0.48 mm, and a length of 1 mm as shown in Fig. 11 (10 µm thick resin was applied as final packaging making the diameter of the inductor 0.5 mm). The width and thickness of the spiral line were 10 µm, the pitch was 20 µm, and the number of turns was 15. The inductance measured at 1 GHz was 91 nH. The other characteristics are shown in Table 4 .
Results and Discussion
When certain values were adjusted in the formula (1), the calculated result matched the measurements. Therefore, the 10 µm spiral conductive line behaved as an induc-tor, and demonstrated that it is possible to produce inductors with higher inductance in this manner. Productivity is an important element for mass-production of electronics components. The advantage of the LIGA process is its high productivity as a fabrication method for microstructures.
However, productivity depends not only on the fabrication method of the microstructures but also on the other processes such as packaging. Furthermore, since in the process studied in this research, inductors were treated individually, it is necessary to reduce the number of processes where products are treated individually, in order to improve productivity.
The accuracy of inductance partly depends on the configuration of the electrodes, since they will determine the number of turns of the inductor. Therefore, the process of termination must be included in the LIGA process in order to improve the spiral form.
The LIGA process has an advantage for producing high aspect ratio structures and this increases the allowable current that can go through the component.
Summary
We have developed a method for fabricating a threedimensional spiral micro inductor using the LIGA process. Although the inductance of the sample created was slightly less than the targeted value, we have demonstrated that this method can be used to produce inductors with high inductance. The size of the inductor we produced was 1 mm in length, and 0.48 mm in diameter. In order to design the master to make this inductor, we had to choose the proper substrate material.
Furthermore, we also improved the method of applying PMMA in order to optimize its adhesion to the substrate material.
In order to create this new inductor, a three dimensional X-ray exposure technique for spiral line was developed. The spiral line was adapted for demolding process such as that used in loosening a screw. Thus, the specialized worm injection molding machine for the microworm structure was developed. Other methods employed include the electroplating and wet chemical etching.
